In this study, we have examined the relative contributions of synchronous and asynchronous release to inhibitory transmission as a function of activity level in the The exact role of inhibition in modifying such excitation continous and desynchronized at high frequencies.
GABAergic fibers. To determine the contribution from stimulus train. Figure 3A shows that the decay of the this source of variability, we recorded from neuronal train response was decorated with random synaptic cell bodies in the superior olivary nucleus, and action events for 100-200 ms and, as a result, was much slower potentials were initiated in their axons using the same than that of the response induced by a single shock. method employed to evoke IPSCs. Neurons were identiThe increase in delayed release was quantified as the fied based on location and their response to current prolongation of the exponential decay time constant injection, as described in Yang et al. (1999) . The stimulus of current after the train, and increased with stimulus electrode was placed ‫05ف‬ m from the cell body. In frequency ( Figure 3B, closed circles) . Notably, the the five cells studied, antidromic spikes were elicited largest increase in decay time occurred at those frewithout failure at rates up to 243 Hz and reached the quencies (Ͼ50 Hz) associated with the most marked cell body within 0.6 ms, with a SD of spike latency of increase in asynchronous quantal release during stimuunder 200 s. Thus, while the variability in IPSC timing lus trains. Acceleration of Ca 2ϩ clearance in the terminal observed at the beginning of the trains may result from using EGTA-AM ( Figure 3A ) significantly shortened the jitter in spike initiation or conduction, the wide variability decay time at 200 Hz ( Figure 3B , open circle). Indeed, the in IPSC timing seen later in the train must be due to decay rate of train response in the presence of EGTA-AM processes intrinsic to the nerve terminals.
was as fast as the IPSCs evoked by a single stimulus or mIPSCs in control conditions ( Figure 1C ). These data indicate that accumulation of intraterminal Ca 2ϩ through Enhancement of Delayed Release high-frequency stimulation led to a conversion of release by High-Frequency Stimulation from a synchronous to an asynchronous mode of transThe development of asynchronous release was paralleled by an increase in delayed release following the mission extending long after the period of stimulation. such that the ability of the synapse to release vesicles followed by a series of test pulses at increasing intervals. Facilitation was seen immediately after the short condiwith a short latency is diminished. A decline in the probability of synchronous release is consistent with the obtioning train. In Figure 5Ci 200 Hz, the synapses generated about the same amount Despite the profound shift from synchronous to asynof charge transfer as at 5 Hz. These measurements of chronous release as frequency increased, the overall charge transfer indicate that, assuming the quantal size level of transmission was remarkably stable. The mainteis constant (see below), the synapses released roughly nance of current during the train was measured in two the same number of vesicles per stimulus without regard ways. First, we examined the degree of falloff in absolute to frequency or whether the release was synchronous current level measured from pretrain baseline during a or asynchronous. Thus, the depression of synchronous 200 Hz train. Early in the train, the current reached a release described above must have been compensated peak, usually between the eighth and twelfth stimulus.
by enhanced exocytosis via asynchronous release. After 40 stimuli, the current level had fallen by only One mechanism by which release might have been 12% Ϯ 7% (n ϭ 21 cells), and by 80 stimuli, by 19% Ϯ 12% (n ϭ 7 cells). Thus, over a period of up to 400 ms, a maintained without progressive exhaustion of vesicle pools or receptor desensitization is that the average A Model for Desynchronization release probability (P r ) was low. We attempted to deterTo explain how synaptic transmission was sustained mine the average release probability by analyzing the during the shift from synchronous to asynchronous revariance-mean relationship of IPSCs induced at Ͻ0. , the consequent enhancement of the likelihood of from 1 to 0, with a peak variance at P r ϭ 0.5. Figure 6B release of docked vesicles, and a temporary reduction shows that for data pooled from 3 neurons, the variance in vesicle pool size following exocytosis. In this way, a and mean were linearly related. We were not able to wide variety of experimental observations were acextend the analysis to a higher P r , as elevation of Ca Figure 7E ) suggests that decay phase intersects the abscissa at 160, which is an the facilitation and depletion models, as applied, are estimate of the total number of vesicles available without sufficient to explain how transmission can be fully susreplenishment ("N"). The initial quantal content ("a") was tained despite the desynchronization of release during 26, so P r ϭ 0.16. Similar analyses in 17 neurons with a high-frequency stimulation. For example, the simulated range of initial quantal content of 6-38, yielded an averdata predict well the increase in decay time after the age P r of 0.13 Ϯ 0.10 and a releasable pool size of 143 Ϯ 61 quanta.
200 Hz train (arrows) and the average frequency depenThe maintenance of charge transfer over a wide range dence of the decay ( Figure 3B) . Moreover, the simulaof frequencies and the steadiness of the summated curtions predicted very well the frequency-dependent derent plateau imply that GABA receptors experience little pression of synchronous release ( Figure 4B ), as well as accumulating desensitization or saturation during the the maintenance of total charge transfer over a 40-fold course of a train. To confirm this prediction, estimates range of stimulus frequencies ( Figure 6A ). were made of quantal size drawing from several sources.
To test further the compatibility between model and Assuming that release events occurring at late times experimental data, we increased the rate of clearance after an individual stimulus corresponded to release of of intraterminal Ca 2ϩ so as to mimic the effect of EGTAsingle quanta, the amplitude of asynchronous IPSC AM application. In Figure 7C , 2 was 25 ms, less than (aIPSC) currents occurring 2.5-4.5 ms after each shock half that used in other simulations, in Figures 7A and in a 200 Hz train was measured ( Figure 6D ). Also mea-7B. The quantal release profile with a 200 Hz train shows sured were "delayed" IPSCs (dIPSCs), riding on the delittle desynchronization throughout the train, such that cay phase after stimulation was terminated ( Figure 6D) . the train response now consisted primarily of the sumFinally, these two populations were compared with the mation of periods of synchronous release with variable mIPSCs recorded in 1-5 M TTX ( Figure 6D ). mIPSCs peak amplitudes (lower trace), similar to experimental differed from aIPSCs and dIPSCs in that the former data (Figures 2Bii, Cii, and 3A) . Moreover, little delayed showed a skewed distribution also typical of miniature release was seen after the train, leading to a faster cursynaptic currents recorded in other preparations (Bekrent decay (compare Figures 3A and 3B) . kers et al., 1990), while the other events were more Also necessary to the onset of desynchronization was normally distributed (Figure 6E) . Because of these differthe depression of quantal release due to depletion of ences in distribution shape, we used the median rather available quanta. Because of depletion, many release than the arithmetic mean to compare average values sites would be vacant at the time of the arrival of a (Rice, 1995). As shown in Figure 6F , no significant differpresynaptic spike; since replenishment of sites is stoence was found between any two populations, indicatchastic and independent of the stimulus timing, and ing that little progressive desensitization or saturation occurred during high-frequency stimulation.
since the spontaneous fusion probability was enhanced, vesicle fusion became a vigorous and randomized prowas compared with simulations with altered vesicle replenishment rate. A SD of 0.25 ms in presynaptic action cess. Unable to control the replenishment process experimentally, we used simulation to determine the impotential timing was added to the model to reproduce the initial variability seen with Ͻ10 stimuli. The simulaportance of the replenishment rate in shaping the synaptic response. Figure 7D shows the simulation retions show that a rec of 40 ms accurately describes the onset of desynchronization (Figure 2Ciii , curve "b") and sults with rec reduced to 20 ms or increased to 80 ms. Using a longer rec , a pronounced sag in current was that a shorter (curve "c") or longer (curve "a") rec would be inappropriate. Matching the simulations to traces evident, while with a shorter rec , the current summated more slowly and to a higher plateau level than in control from individual cells rather than to averaged data required fine-tuning the parameters, but only over a very conditions. Although, ultimately, more asynchronous release occurred with the faster rec , the model predicted narrow range, as shown in Figure 7E . The robust performance of this simple model supports the interpretation that synchronous release would nevertheless continue longer into the train. The influence of recovery rate on that sustained asynchonous transmission and the precise shape of the onset and offset of summated current desynchronization was further quantified in Figure 2Ciii leased at any simulation point was generated randomly from a binomial distribution with number of trials ϭ N i and success probabilData Analysis ity ϭ P f(i) . Finally, we assumed that all quantal releases resulted in All data were acquired with pClamp 6 (Axon). After filtering at 5-10 kHz, the stimulus waveform and current signal were digitized and a typical quantal IPSC with a typical single exponential decay,
